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Using a double glow-discharge-cluster-source-system, in which one glow discharge is a dc mode
and the other an rf discharge mode, Fe and Si clusters have been produced independently and
deposited simultaneously on a substrate. When a separation plate is not inserted between two
glow-discharge chambers, core-shell clusters are obtained: An Fe core is surrounded by small Si
crystallites. The magnetization measurement indicates that the magnetic coercive force of the Fe/Si
core-shell cluster assembly is much smaller than those of Fe cluster assemblies at low temperature
and no shift of the field-cooled hysteresis loop related to the zero-field-cooled loop is detected,
probably because Si shells prevent Fe cluster surfaces from their oxidation. The temperature
dependence of electrical resistance is attributed to electron conduction via Si shell networks above
180 K, while it is attributed to variable range electron conduction between Fe clusters. © 2005
American Institute of Physics. DOI: 10.1063/1.2149972Cluster assembling is promising for fabrication of nanos-
cale structure-controlled materials in contrast to traditional
methods, such as small particle precipitation in supersatu-
rated solid solution via heat treatment and/or thin film for-
mation via a gas phase and lithographic patterning.1 Using a
plasma-gas-condensation PGC-type cluster deposition sys-
tem, we could prepare monodispersed size transition metal
clusters whose mean diameters, d, ranged between 6 and
15 nm with the standard deviation less than 10% of d.2,3
With the introduction of a small amount of oxygen gas into
the deposition chamber, the surfaces of transition metal clus-
ters were uniformly oxidized.4 Such core-shell clusters were
rather stable against oxidation in ambient atmosphere, pro-
hibiting direct contact and coalescence of metallic cores. The
core-shell type monodispersed size Co/CoO cluster assem-
blies revealed tunneling-type electrical resistivity and
magnetoresistance,4 and a macroscopic quantum tunneling
type magnetic relaxation at low temperatures,5 whereas these
characteristic features could be well distinguished from the
normal semiconductor-type conductivity and classical mag-
netic relaxation at high temperatures.
We also tried to prepare various assemblies of Co and Si
clusters generated from a double-source PGC system whose
diagram is shown elsewhere.6 When a separation plate was
inserted between two glow-discharge sputtering chambers,
a mixture of Co and Si clusters was obtained: Small Co
clusters were distributed at random, while the Si clusters
were aggregated to form large secondary particles. Without
inserting a separation plate, on the other hand, core-shell
clusters were obtained: A Co core was surrounded by small
Si crystallites. Such Co/Si core shell clusters were also
stable against oxidation.7
In this letter, we describe the morphology, magnetic, and
electrical properties of Fe/Si cluster assemblies obtained us-
ing the same double-source PGC system without inserting
the separation plate.6 One cluster source system was operated
with a dc glow discharge mode for preparing Fe clusters and
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clusters. The morphology, size, and structure of Fe/Si clus-
ters were observed using a transmission electron microscope
TEM Hitachi Co., HF-2000 operating at 200 kV. The
chemical compositions of Fe and Si were determined by the
energy dispersive x-ray EDX spectrometer installed in
TEM, where the O content was not estimated because of
contamination effects of the sample during observation and
measurement. Magnetization curves for the Fe/Si cluster as-
semblies deposited on polyimide film substrates were mea-
sured by a superconducting quantum interference device
magnetometer Quantum Design Co., MPMS-5 applying up
to 1600 kA m−1. Temperature dependence of electrical resis-
tance for the Fe/Si cluster assembly deposited on the glass
substrate with two precoated Au electrodes 1 mm interval
was observed with a conventional four-probe method be-
tween 5 and 300 K.
Figure 1a shows an Fe/Si cluster assembly prepared at
the dc electric power of 400 W and the rf electric power of
100 W. As seen in this figure, almost all clusters are charac-
terized by the gray contrast shells surrounding dark contrast
cores. Using an EDX analysis, the chemical composition of
the dark contrast core region indicated as A is about
97 at. % Fe and the one of the gray shell region indicated as
B is about 79 at. % Fe, where the average composition is
about 91 at. % Fe. As shown in the inset, the electron dif-
fraction pattern consists of diffused body-centered-cubic
bcc rings, which can be indexed as 110, 200, and 211
of an -Fe phase, and broad halo rings, while no diffraction
ring corresponding to an iron oxide. Moreover, Fig. 1b
shows the high-resolution TEM HRTEM image of Fe/Si
core-shell clusters. As can be seen from this figure, the core
regions are characterized by the clear lattice image and are
surrounded by the irregular shell. From the HRTEM image,
the lattice fringes were measured to be 0.203 nm, being in-
terpreted to a 110 lattice plane of the bcc structure. This
value is the same with that estimated from the diffraction
pattern shown in the inset of Fig. 1a and also in agreement
on that 0.2027 nm of the pure Fe. This result indicates that
© 2005 American Institute of Physics1-1
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 This article is  to th   210.34.4.164single-crystalline Fe cores are covered with Si and/or silicon
oxide amorphous shells. On the other hand, owing to the
spatial resolution limit, we could not estimate how much Fe
has diffused into Si and find out whether Si is mixed with Fe
in an atomic scale to form a primary solid solution and/or an
amorphous phase in the shell layer.
This immiscible character is quite different from previ-
ous experimental results: Nanoscale islandlike clusters were
instantaneously alloyed with postdeposited atoms at ambient
temperature8 and small clusters easily coalesced each other
and/or merged atoms and small clusters.9 Silicides were also
formed when islandlike transition metal films were deposited
on a silicon substrate and annealed above 700 K.10 More-
over, homogeneously alloyed clusters were obtained using
the single-dc glow-discharge system in which two different
targets were set.11,12 In the equilibrium phase diagram, more-
over, Fe and Si form very stable intermetallic compounds,
FeSi, Fe3Si, Fe5Si3 and Fe5Si3,
13 indicating that their forma-
tion enthalpies are negative and their absolute values are so
large that Fe–Si alloy clusters have been expected in contrast
to the present results. Since there are many defects and ir-
regularity on the cluster surfaces, the Si cluster surfaces
whose chemical bonds are covalent and anisotropic are less
stable than the Fe cluster surfaces whose chemical bonds are
metallic and isotropic. When cluster nuclei are mixed before
they enter the growth duct, Fe cluster nuclei and Si cluster
nuclei collide with each other. Since these clusters are well
thermalized by many collisions with Ar atoms, intercluster
atom diffusion is suppressed and Fe and Si clusters do not
coalesce to form alloy clusters at their contact and/or colli-
sion events. Then, the surface tension of Si is much lower
than that of Fe,14 Si clusters cover Fe cluster surfaces to form
the core-shell clusters. In the present experiment, we must
FIG. 1. a A bright-field TEM image and a electron diffraction pattern of
Fe/Si core-shell clusters deposited on a carbon microgrid by dc and rf
glow-discharge modes. The region marked by A is about 97 at. % Fe and the
one marked by B about 79 at. % Fe, whereas the average chemical compo-
sition of these cluster assemblies is about 91 at. %. b HRTEM image of
Fe/Si core-shell clusters.
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On: Thu, 29 May 2the cluster deposition chamber being about three orders of
magnitude worse than the pervious experiment.2,15 If chemi-
cally active Si cluster surfaces are oxidized by O2 impurity
included in Ar gas, the alloying of Si with Fe is severely
suppressed.
Figures 2a and 2b show the magnetization curves at
temperature, T=300 and 5 K for Fe/Si core-shell cluster as-
sembly whose average chemical composition is 81 at. % Fe.
The magnetization curves are more easily saturated for these
specimens and display no hysteresis loop shift in the field-
cooled state. The coercive force, HC, is very small not only at
room temperature but also at low temperature about
1.1 kA/m at 300 K and about 23 kA/m at 5 K. On the
other hand, the rather large hysteresis loop shift in the field-
cooled state was observed for simple Fe cluster assemblies.
They have been ascribed to the surface oxidation of Fe clus-
ters because iron oxide layers are antiferromagnetic or ferri-
magnetic yielding strong exchange coupling with the ferro-
magnetic Fe core.5 The irregular interfaces between Fe cores
and iron oxide shells give rise to spin-glasslike random an-
isotropy and induced magnetic anisotropy which disturbs the
alignment of Fe core moment along the applied field
direction.16,17 As shown in the electron diffraction patterns
Fig. 1, no diffraction ring attributed to iron oxide is de-
tected. These results further indicate that the Fe/Si compos-
ite cluster assemblies are not easily oxidized in ambient at-
mosphere because of the formation of Fe/Si core-shell
structure.
Figure 3 shows electrical resistance in logarithmic
scales, R, as functions of T and Tn for the Fe/Si core-shell
cluster assembled film with the chemical composition of
77 at. % Fe. The temperature coefficient of the resistance is
negative and the resistance value at low temperatures is three
orders of magnitude larger than that at room temperature.
Such a semiconductor-type conduction results from the
Fe/Si core-shell structure and reveals that the Fe cluster
cores are completely separated by the semiconductor Si
and/or silicon oxide amorphous shells. In this case, there are
mainly two conduction mechanisms: The thermally
FIG. 2. Magnetization curves at a 300 and b 5 K for Fe/Si core-shell
cluster assembly. Its average chemical composition is 81 at. % Fe. The low-
field region is shown in the inset.
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 This article is layers and tunnel-type conduction between Fe cores. The
log R values are linearly fitted to n=−1 for T180 K see
Fig. 3b, while it to n=−1/2 for T70 K see Fig. 3c. In
the present system, the T−1 dependence of log R for T
180 K was believed to result from the thermally activated-
type conduction in the Si shell networks, which contain a
large amount of defects and impurities including Fe and O.
In granular materials, in which nanoscale metallic particles
are precipitated and dispersed in semiconductor or insulator
matrices, the interparticle distance between large particles is
longer than that between small particles because precipitated
particles retain depleted zones in their neighborhoods. The
electron charging energy which is inversely proportional to
the particle diameter has to be taken into account in the tran-
sient step of an electron from one particle to the neighboring
one, and competes with the thermal activation energy for the
electron tunneling.18 In randomly doped semiconductors,
moreover, the low-energy excitations of localized electrons
are also dominated by their Coulomb interaction, which
causes an appearance of a Coulomb gap in the density of
states near the Fermi level incorporating into Mott’s argu-
ments for variable range hopping.19–21 In both cases, elec-
trons are transported along the shortest path, where the elec-
tron tunnels mainly between small particles at high
temperatures, while it does mainly between large particles at
low temperatures, leading to the variation of Rexp
−E /T1/2. In the present system, since the cluster size and
interparticle distance are not correlated with each other, the
T−1/2 dependence of log R for T70 K is attributed to vari-
able range hopping electron conduction between Fe clusters
incorporated by Coulomb gap at the Fermi level.
Finally, it is worth making a comparison between Fe/Si
and Co/Si composite cluster assemblies. As described above,
homogeneously alloyed Fe–Si clusters have not been ob-
served, but a Fe/Si core-shell structure has been formed. The
FIG. 3. Temperature dependence of electrical resistance in logarithmic
scales as functions of a T, b T−1, and c T−1/2.copyrighted as indicated in the article. Reuse of AIP content is subject to th
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cases is that the size of the Fe clusters is larger than that of
Co clusters under the same experimental conditions. These
results demonstrate that a core-shell-type structure can be
obtained when Fe/Si and Co/Si composite cluster assem-
blies are prepared without inserting the separation plate be-
tween the two plasma sources.
In conclusion, we have obtained core-shell cluster as-
semblies when Fe and Si clusters are independently formed
from double-cluster sources. The magnetization curves re-
veal very small magnetic coercivity and no field-cooling
effect even at low temperatures, indicating that Si shells
protect Fe cores from their oxidation. The temperature
dependence of electrical resistivity is roughly interpreted by
electron conduction in Si shell networks above 180 K, while
it is due to variable range hopping electron conduction
between Fe clusters.
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